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ABSTRACT
Electron param agnetic resonance stud ies w ere conducted on an 
anthracene cry sta l which had been irrad iated  with 7 MeV e lectro n s to a total 
integrated flux of 2 x 1016 e lectro n s cm -2. Spectra obtained with a 9. 5 and a 
35kM c sp ectro m eter , operated at am bient tem peratures and at very low power 
le v e ls , w ere very  s im ila r . The d isp ersion  mode sp ectra  with the sta tic  
m agnetic fie ld  H0 perpendicular to the b -cry sta llo g ra p h ic  axis and p ara lle l 
with the a -a x is  con sisted  of four lin es equally spaced at 15 gauss apart and 
centered  on a fie ld  value corresponding to a g -va lu e of 2. 0046 ± 0. 0005. 
Rotation of the cry sta llin e  a x is , such that the sta tic  fie ld  H0 was p ara lle l with 
the c -a x is ,  caused  the two central sp ectra l lin es  to sym m etrica lly  approach  
one another and m erge into one broad line of about 25 gauss in width centered  
at the sam e g-va lu e as when H0 was paralle l with a -a x is . The anthracene 
sp ectra  w ere a ll highly su scep tib le  to r. f. power saturation. Saturation was 
observab le at r. f. power lev e ls  corresponding to an r. f. m agnetic field  vector  
as low as 4 x 10-3 gau ss. The observed  absorption sp ectra  are found, by 
curve fitting, to c o n s is t  of four G aussian lin es with line widths of about 12 
gauss and a hyperfine sp litting  of about 14 gauss. The in tensity  of the lin es are  
found to be 1:3:3:1 im plying that the hyperfine structure is  a r isin g  from  the 
in teraction  of the unpaired electron  with three equivalent protons. Com parison  
with sp ectra  from related  arom atic hydrocarbons leads to the conclusion  that 
the param agnetic d efect center is  a r is in g  from a c r o ss  linking betw een two 
anthracene m olecu les  within the cry sta llin e  structure.
v i i i
ELECTRON PARAMAGNETIC RESONANCE STUDIES OF A 
RADIATION-INDUCED DEFECT CENTER IN ANTHRACENE
CRYSTALS
INTRODUCTION
Studies and applications of spectroscop y are of c r it ica l im portance to 
many a sp ects  of manned and unmanned space travel and com m unications. Safe 
and re lia b le  perform ance of both organic (including man) and inorganic  
m a ter ia ls , used in com m unication and other sp acecraft component sy ste m s , 
are dependent upon an adequate knowledge of and thus the protection against, 
the potentially dam aging e ffec ts  of particulate and electrom agn etic  radiations  
encountered in space environm ents.
This study is  concerned with defect cen ters produced in anthracene 
c ry s ta ls  (which are so m etim es used as sc in tilla tion  counters in the detection  
of particulate ra d ia tio n ). The study of radiation induced defects in organic  
c r y s ta ls  provide d irect inform ation about the production of free  rad ica ls in 
organic m olecu lar stru ctu res such as may be produced under various radiation  
environm ental conditions which w ill be encountered in space travel.
The p resen t stud ies are concerned with a d efect cen ter produced in an 
anthracene cry sta l as a resu lt  of irradiation  with 7 MeV e lectro n s for a total 
flux of 2 x 1016 e lec tro n s  cm -2. Three anthracene sam p les w ere exposed  to the 
sam e e lectro n  beam  but to d ifferent total fluxes ( 1 0 14, 1 0 15, and 1 0 16 e lec tro n s  
c m -2) . All three sam p les exhibited s im ila r  sp ectra  under the sam e sp e c ­
troscop ic  conditions except that the density of the defect cen ters as indicated
by the signal am plitude of the sp ectra  was a function of the total integrated
2
3electron  flux, as would be expected. H owever, because of the s im ila r ity  in the 
sp ectra  obtained, only one sam ple w as used for detail an a lysis  of the defect 
cen ter  ch a ra c ter is tic s  (with re sp ec t to spatial dependence, etc. ) .
The technique used for investigating  the nature of the d efect cen ter, 
produced in the anthracene cry sta l by radiation, was the method of e lectron  
param agnetic resonance (EPR) sp ectroscop y. Spectrom eters operating at two 
different m icrow ave freq u en cies, 9. 5 kMc and 35. 0 kMc, w ere used for this 
investigation . The EPR method has been su ccessfu lly  used by many w orkers  
in recen t y ea rs  for the study of irrad iated  organic and inorganic so lid  state  
m a ter ia ls .
I. THEORY
In the construction  of any e lectron  param agnetic resonance (EPR) m odel 
of an irrad iation  produced defect center in a cry sta llin e  m ateria l one is  alw ays 
faced with the problem  of correla tin g  the experim ental inform ation obtained 
from  the various sp ectra  with the atom ic and nuclear structure of the system  
in question. The line shape of m ost EPR spectra  is  found to be eith er  
Lorentzian or G aussian or som e interm ediate shape which can be determ ined  
by com parison  with known line shapes. The p r o c e sse s  that govern the line  
width are known as the relaxation  phenomena. Two relaxation  p r o c e sse s  are  
generally  used to d escr ib e  a line width:
(1) the sp in -la ttice  relaxation  tim e T 1? a m easu re of the rate at 
which the spin system  can lo se  its  e x c e s s  energy to the therm al r e se r v o ir  or 
la ttice  stru ctu re, and
(2 ) the sp in -sp in  relaxation  T2, a m easu re of the phase coherence  
of the p r e c e ss in g  spin sy stem . The coupling betw een spins and the cry sta llin e  
la ttice  is  strong, resu ltin g  in very short therm al relaxation  tim es T l5 of the 
order of 10-4 to lO-10 sec . Tj is  strongly tem perature dependent (~T -4 , where 
T = tem perature) sin ce therm al agitations of neighboring ions resu lts  in 
variations of the cry sta llin e  e le c tr ic  field .
Another param eter which is  determ ined from the EPR sp ectra  is  the
so -c a lle d  g-value (the sp ectro sco p ic  sp litting  factor) , a m easure of the
4
5anisotrop ic sp in -orb it in teraction . The g-value is  m odulated by the cry sta llin e  
fie ld  effec ts  sin ce  it a r ise s  from a m ixing of the sp in -orb it in teraction s which  
are affected by the cry sta llin e  field  e ffects . The unknown g-va lu e of a 
particu lar sam ple can be obtained by either m easuring the m agnetic fie ld  and 
m icrow ave frequency with great p recis ion  or by the com parison  technique 
using a dual sam ple cavity.
The general theory of m agnetic resonance phenomena has been d is ­
cu ssed  by many authors in recen t y ea rs  f 1 -  5] . The Hamiltonian X/ for the 
m agnetic in teraction  in a stron g  m agnetic field  is  given by
U- = g/3 H • S + AI • S + AL • S ( 1 )
w here the energy due to the in teraction  of the nuclear m agnetic m om ent and 
external m agnetic fie ld  and cry sta llin e  field  e ffec ts  ha VS foOGll neglected . The 
three term s of the ex p ressio n  are explained next.
There are two in teraction s involving the orbital angular momentum.
One is  the sp in -orb it coupling which is  given by the last term  (AL ' S) of 
equation ( 1 ) and the other is  the interaction of the orb ital momentum with the 
external fie ld  which has been neglected . The orbital angular momentum of an 
unpaired e lectron  in a cry sta llin e  fie ld  is  usually zero  or in m ost c a se s  it is  
quenched by the cry sta llin e  field . The constant A is  ca lled  the sp in -orb it  
coupling constant.
The second term  in equation (1) AI • S g iv es  the hyperfine coupling  
betw een the m agnetic m om ents of the nucleus and the e lectron . The constant 
A is  ca lled  the hyperfine coupling constant. There are two fundam entally
6d istin ct kinds of hyperfine in teractions; one is  concerned with the m agnetic  
fie ld  at the e lectron  caused by the p resen ce  of a nuclear spin near the e lectron  
but not right at the e lectron . This is  the dipolar hyperfine interaction . The 
other kind of hyperfine in teraction  is  ca lled  the contact hyperfine in teraction  or 
the F erm i contact interaction which is  proportional to the e lectron  density  at 
the nucleus.
The f ir s t  term  gp  H * S of equation (1) rep resen ts  the in teraction  of 
spin of the e lectron  and the external m agnetic field . The constant g is  the 
sp ectro sco p ic  sp littin g  factor. In a cry sta llin e  field  these three constants  
(g, A, and X) are usually spatia lly  dependent and in the p resen t investigation  
are found to be dependent upon the orientation  of the crysta llograp h ic axes with  
resp ec t to the external m agnetic fie ld . The p rop erties of the Hamiltonian are 
d iscu ssed  by many authors [ 1 - 5 ]  .
When a spin system  com es under the influence of an extern ally  applied  
sta tic  m agnetic fie ld  H0, the applied fie ld  produces a torque on the random ly  
orientated  individual e lectron  spin v ec to rs  which tends to align them with the 
fie ld  H0. On the other hand, random therm al motion tends to d estroy  the 
alignm ent. Hence only a partia lly  aligned system  is  obtained. This alignm ent 
induced by an external m agnetic fie ld  corresponds to the low est energy state  
of the spin sy stem . While undergoing this alignm ent the spin system  m ust 
give up som e of its  energy to its  surroundings, i . e .  , the cry sta llin e  la ttice of 
the so lid . The ch a ra cter istic  tim e required for th is energy exchange is  ca lled  
the therm al or sp in -la ttice  relaxation  tim e T*. Therefore in the absence of 
in teraction s, other than cry sta llin e  fie ld  e ffe c ts , the m agnetization of the
7disturbed system  along H0 tends toward the equilibrium  value M0 given
by
Mo ~ Xo H0 (2)
w here xo *s the sta tic  su scep tib ility . The sam e in teractions which cause  
changes in tend to cause changes in the and alignm ents a lso . This 
e ffec t in addition to any irreg u la r itie s  in the m agnetic fie ld  as seen  by the 
individual e lec tro n s , produced by neighboring sp ins or other fie ld  inhom o- 
g en eties , w ill cause the individual e lec tro n  spins which w ere orig in ally  
p r e c e ss in g  coherently  to get out of phase with each  other with a ch a ra cter istic  
tim e constant T2. The assum ption  that these p r o c e s se s  may be d escribed  by 
an exponential d ecrea se  of the m agnetization leads to the follow ing sim ple  
decay equations
dM M
X X
dt t 2
dM M
y
dt t 2
dMz
M0 -  M
(3)
dt T t
w here T* is  the ch a ra cter istic  spin la ttice  relaxation  tim e, and T2 is  the 
ch a ra cter istic  so  ca lled  sp in -sp in  relaxation  tim e.
Newton's Law of m otion for angular momentum may be ex p ressed  in 
term s of the net m agnetization and applied external m agnetic fie ld  v e c to rs , 
M and H as 
dM
dt
- y  (M x H) (4)
w here y  -  g/3 and H is  defined by equation (6) . Then by com bining
equations (4) and (3) we get B loch 's  phenom enological equations [2] .
dM M
—rr~ = -  y (M H -  M H ) -  —“
dt y z z y T 2
dM MV = - y ( M z Hx - M x Hz ) (5
dM M0 -  M
Z -  y (M H -  M H ) + Z
dt x y y x T
w here H is  given by
A A A
H = iH 1 coscjt + jHjsincjt + kH0 , (6 )
s in ce  all m agnetic resonance exp erim en ts em ploy a sm all tim e varying  
external m agnetic fie ld  Hj perpendicular to the external sta tic  fie ld  H0 which  
rotates with an angular ve loc ity  u) such that HA is  a constant when view ed in a 
rotating coordinate system  which rotates with the sam e angular ve locity  a;.
In order to d iscu ss  the solution of equations (5) , two concepts m ust be 
defined and in vestigated , i. e. , rapid and slow  p assage conditions. By tra n s­
form ing equation (4) to a rotating coordinate system  rotating with angular 
v e lo c ity  cj and using equation (6 ) we get 
r)Mf A A—  = -  y[ M’ x {1HJ + k (H0 -  cj/y)} ] (7)
which sta tes  that p hysically  in the rotating coordinate system  the m oment M!
a cts as though it exp erien ced  e ffec tiv e ly  a sta tic  m agnetic fie ld  given by
H = iH 1 + k (H 0 -  uj /y)  . 
e
T h erefore, the m agnetic m om ent M' p r e c e s se s  in a cone of fixed angle about 
H at an angular frequency of yH . T his situation is  illu stra ted  in F igure 1.
G G
It is  seen  that the motion of the moment MT is  periodic and if  it was 
in itia lly  oriented  along the z -d irec tio n  at tim e t = 0 , then it p eriod ically  returns
to that position. Notice from  equation (7) and Figure 1 that if H0 is  above
co
resonance (H0 > — ), then the effective  field  has a p ositive  z-com ponent; but
7
cuwhen H0 l ie s  below  the resonance lev el (H0 < — ) , the e ffective  field  has a
7
negative z-com ponent; on the other hand if  the resonance condition is  fu lfilled
exactly , a? = yH 0, the effective  fie ld  is  sim ply H1 and in the x -d irection .
T herefore under resonance condition MT in the rotating fram e is  seen  to p re c e ss
about Hj with frequency yHj and the axis of the p recessio n  cone is  d ecreased
from  — to zero .
2
Suppose that in itia lly  the m agnetic fie ld  is  far above resonance  
(H0 »  ~  ) and that the m om ent M' is  aligned in the z -d irectio n . Now as the
value H0 -  *  i s  m ade to s low ly  d ecrea se  through zero  to a large negaUve value.
77the angle 6 of the effective  fie ld  starts  from e sse n tia lly  at — and goes to it.
If the sw eep  through resonance is  su fficien tly  fast so that the tim e taken 
to pass through resonance is  short com pared to the relaxation  tim e Tj, then 
the m agnetic m om ent vector Mr can follow the e ffectiv e  fie ld  and the spin s y s ­
tem w ill be inverted . If, on the other hand, the sw eep tim e is  long com pared  
to Tj, the relaxation  p r o c e s se s  Tj and T2 w ill cause MT to re la x  back to M0. 
P h ysica lly  this m eans that the tim e rate change of 0 m ust be la rg e , i . e .  , that
dO 1 
dt >> T t
and from Figure 1 th is can be w ritten as
10
A lso if ^7- or exceed s yHj,  the relaxation  p r o c e sse s  w ill cause M' to 
1 1 1 2
decay b efore even  one p recessio n  cycle  of Mr about can occur, so  in order
that M’ can follow  the effec tiv e  fie ld  H we have the r es tr ic tio n  thate
7 ^ ! > 7^  . (9)
l 2
T his condition is  re ferred  to as the rapid p assage condition and points out the
fact that the experim ent m ust be perform ed in a tim e short com pared to the
1 1relaxation  tim e T .^ Further it can be shown that —  ^ —  [ 2] .
t 2 t i
In rea lity  one takes T1 and T 2 as nature g ives them , but in m ost c a se s  
the req u irem ents for rapid p assage conditions cannot be fu lfilled . T herefore, 
we are led to the d iscu ssio n  of the "slow p a ssa g e” so lu tions. The solution for  
"slow p a ssa g e ” applies if  the resonance is  tra v ersed  in a tim e which is  long 
com pared to T 1 (the tim e required to m aintain therm al equilibrium  with the 
la ttice  or therm al r e s e r v o ir ) .
The "slow p a ssa g e” solution of B loclT s equations (5) is  d iscu ssed  by 
many authors [ 1 -  5] . In carry in g  out the solution, one defines the com plex  
rela tiv e  su scep tib ility  of the sam ple as
X = X’ -  i X” (10)
w here x is  the su scep tib ility  re la tive  to free space. The rea l part of the 
su scep tib ility  x' d eterm in es the in -p h ase m agnetization while the im aginary  
part xT' d eterm in es the ou t-o f-p h ase m agnetization of the sam ple caused by the 
high frequency r. f. m agnetic field . When an r. f. m agnetic fie ld  Hj is  applied  
to the sam p le, an in -phase m agnetization of x '^ i s i n and an ou t-o f-p h ase
m agnetization of the -x" Hj cos cut is  produced. The average power P absorbed
11
per unit volum e of sam ple is  given by
27t/  uJ
P = ( c j/2 7r) f  H —  dt = 2co xn . (11)
o dt
In evaluating this integral it is  seen  that the power absorbed by the sam ple
from  the fie ld  depends only on the out-of-phase com ponent of the su sc e p ­
tib ility .
A ssum ing slow  p assage and hom ogeneously broadened lin e s , the solution  
of the B loch equation (5) for the im aginary part of the com plex r. f. su sce p ­
tib ility  can be shown to be [ 2]
v" -  i x o ^ n  --------m (2 °  2 ^ ------------------  • ( 1 2 )X 2 X 0 o 1 +  7 r y 2H i 2 g ( o j - c o 0) T 1 [ }
The norm alized  Lorentzian line shape function is  defined by
. . _ T 9/7r________
g ( “  '  “ o) " 1 +  T22 (u> -  u,0) 2 (13)
and the norm alized  G aussian line shape function is  defined by
T^ — ( co — cOq) T o V t t  . .g(co -  cu0) = —L e 0 . (14)
7r
From  equations (13) and (14) the line width at m axim um  slope of the 
shape functions can be shown for a Lorentzian line to be
A H  = w p ? ;  , 1 5 )
and for a G aussian line to be
2 ^Tn/2AH = — ------ (16)y T 2
12
w here Au) = y AH and AH is  the separation of the absorption peaks in gauss. 
Since Tj is  dependent upon la ttice v ibrations, the line broadening due to sp in -  
la ttice  in teraction s can be reduced to zero  by low ering the tem perature of the 
sam ple. C learly  T2 is  not tem perature dependent.
The cry sta l d etectors used in m ost sp ectro m eters  operate in the linear  
range, i . e .  , with cry sta l detector b iasin g  currents above 50g am ps. T h ere­
fore , what is  detected and displayed is  the change in the cavity reflection  c o e f­
fic ien t or the r. f. voltage from the d etector which is  proportional to x" Ht 
rather than the power absorbed according to equation (11) .  Feher [4] develops  
th is argum ent showing that a power absorption of \  ojH^x" g ives r is e  to a 
change in the Q of the cavity which is  proportional to x" and independent of H^ 
A ssum ing that the fie ld  m odulation amplitude is  much le s s  than the line width, 
the detected  signal is
If equation (17) i s  evaluated at the peaks (equation 18) and then m axim ized  
with resp ec t to Hls we get
d ( x " H 1) = X o ^ T g ^ u ?  -  cn0) (17)
d (u; -  cj0) [ 1 + T22(cn -  ujQ) + y 2H12T 1T2] 2
The m axim a of this function occur at
(18)
which show s that equation (17) w ill have its  la rg est values when
H 1 (19)yVr2 T 7 T 7
T h erefore, the experim ental technique is  to determ ine w hether the line shape 
is  Lorentzian or G aussian and then m easure T2 from  the i^ecorded spectra; 
then find that value of Hj that g ives the la rg est observed  signal; finally , use 
equation (19) to find T4 if the sp ectra  are from a hom ogeneously broadened  
sy stem , i . e .  , a L orentzian line shape.
II. EXPERIMENTAL PROCEDURES AND RESULTS 
The anthracene sam ple w as cut from a sing le  cry sta l which was 
supplied by the Isom et Corporation. It was cut and lapped to fit the 100 kc 
sam ple ca v itie s  of the X-band (9. 5 kMc) EPR sp ectro m eter . The final s iz e  of 
the sam ple was 2. 5 mm x 0. 5 mm x 90 mm long. The anthracene cry sta l 
(F ig . 12) , which is  m onoclin ic, was cleaved  with the long flat surface con ­
taining the a-b crysta llograp h ie  plane with the b -a x is  along the long d irection  
of the sam ple [ 6 -  8] . T h erefore, the sam ple orientation  with resp e c t  to the 
crysta llograp h ie  axes and the sta tic  m agnetic fie ld  H0 could be determ ined.
The sam p le, prior to the electron  irrad iation , was c o lo r le s s  and tra n s­
parent and exhibited  no EPR sign a ls that could be detected. After the i r ­
radiation with e le c tr o n s , the sam ple w as s t il l  som ew hat transparent but its  
co lor  was now a yellow ish -b row n  (indicative of som e kind of radiation damage) .  
A nthracene, C14H10, has a m olecu lar weight of 178. 2, and a m elting point of 
218° C. In the so lid  state form  anthracene is  a c lea r , c o lo r le s s , transparent 
m onoclinic cry sta llin e  structure. Each cry sta llin e  unit c e ll (Fig.  12) has a 
volum e of 474. 2 A and contains two anthracene m o lecu les. The anthracene 
m olecu le , F igure 13, is  e sse n tia lly  planar. The long d irection  of the m olecu le
13
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defines its  L -ax is: the short planar d irection  defines the M -axis: the axis  
norm al to the plane of the m olecu le is  the N -a x is . The mean C-C bond length
o o
is  about 1. 4 A and the m ean C-H bond length is  about 1. 0 A [ 8] .
Figure 12 depicts the m olecu lar d isp osition  of the anthracene m olecu les  
within the unit cel l .  The unit c e ll d im ensions are a lso  shown in Figure 12.
The m olecu les  lie  in the unit ce ll in two s e ts  of p ara lle l planes which are 
related  by the m irror glide p lanes. The long axes (L -a x is)  of the m olecu les  
in the two planes are p ara lle l to the c -a x is  of the cry sta l to within about 10 
d eg rees . A m olecu le with its  center located at (0, 0, 0) is  surrounded by s ix  
other m olecu les  in the a-b plane, those being located at: ± (0, 1, 0) ,
± ( 2'> i ’ 0) and ± (s , ~k> 0) • The upper end of the m olecu le located  at (0, 0, 0) 
fa lls  in the hollow betw een three m olecu les with cen ters at (0, 0, 1) ,
(J, 1) and (J, - | ,  1) with its  low er end being surrounded by m olecu les  with
cen ters at (0 , 0, - 1 ) ,  -J ,  -1)  and ( -J ,  -1).  There are no C -  C
contacts within the unit cel l .  The H - H and the C - H  d istan ces are the 
sh o rtest. Each m olecu le is  involved in 26 contacts with 7 of th ese  being  
crysta llograp h ica lly  independent:
H (C ’; 0 , 0 , 0 )  - — H (A T:; 0 , 0 , 1) 2. 50 A
H ( C1; 0 , 0 , 0 )  - — H( A; 1 _ i2 ’ 2) 1) 2. 91
H (C’; 0 , 0 , 0 )  - — H(B; 1 1 2 ’ 2) 1) 2. 96
H (A; 0 , 0 , 0 )  - — H(B; 1 1 2 » 2 »1) 2. 54
H(B; 0 , 0 , 0 )  - — H( F' ; o, l , 0) 2. 79
H (D; 0 , 0 , 0 )  - - -  H(DV; 0 , 1 , 0) 2. 72
C ( D; 0 , 0 , 0 )  - - H ( F ; 1 _ i2 > 2 ’ 0) 2. 67
It should be noted that the sh o r test C - H  distance between adjacent 
m olecu les  is  2. 67 A. This c lo se n e ss  is  the cause of the C(D) and C (D ’) atom s  
b being deflected  from  the mean p lan es, and thus the sligh t but rea l deviation  
from  the planarity of the m olecu le [ 8] .
The sam ple was placed in a quartz sam ple tube having a 3 mm inner 
diam eter. The sam ple tube w as then in serted  in the m icrow ave EPR ca v itie s  
and positioned with the sta tic  m agnetic fie ld  H0 norm al to the b -a x is  so that H0 
could be rotated about the b -a x is  with the a -a x is  e ith er  p ara lle l with or p er ­
pendicular to H0.
With the above orientation  of the sam ple the sta tic  m agnetic fie ld  H0 
was alw ays perpendicular to and could be rotated about the b -a x is . The f ir s t  
derivative of the absorption mode sp ectra  of the irrad iated  sam ple obtained at 
X-band, with the sta tic  fie ld  H0 p ara lle l with the a -a x is , is  shown in Figure 2. 
Figure 3 show s a spectrum  obtained under the sam e sp ectrom eter  conditions, 
but with H0 perpendicular to the a -a x is . F igures 4 and 5 show sp ectra  with II0 
at in term ediate p osition s. F igures 6, 7, 8. 9, and 10 show the corresponding  
d isp ersion  mode sp ectra  under the sam e sp ectrom eter  settin gs as b efore. All 
of th ese sp ectra  w ere obtained from  the X-band sp ectrom eter  at am bient 
tem peratures by using 100 kc fie ld  m odulation and homodyne detection  sch em es  
at an r. f. m icrow ave power lev e l corresponding to an r. f. m agnetic field  
v ecto r , H0 of about 4 x 10-3 gau ss.
Spectra w ere recorded  as the sta tic  fie ld  H0 w as rotated about the 
sam ple from  a position  p ara lle l with the a -a x is  through in term ediate positions  
to a d irection  perpendicular to the a -a x is . As the rotation  proceded, the two
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lin es form ing the strong central doublet approached one another, and w ere  
sim ultaneously  broadened until they finally  form ed a sin g le  broad central peak.
The total width of this peak was then about 25 gauss as m easured  from  the 
d isp ersion  mode spectra . This strong cen tra l doublet could just be d istin ­
guished as being form ed of two peaks, with a separation  of about 7 gauss on 
each side of the center.
The sp ectro m eter  used for th ese  stud ies was a standard Varian X-band  
(9. 5 kMc) sp ectro m eter  with the 100 Kc fie ld  modulation unit. The two 
m icrow ave ca v itie s  used w ere a lso  supplied by the Varian A sso c ia tes; those  
being the dual rectangular cavity  assem b ly  used for sam ple com parison  
p u rp oses, and the cy lin d erica l rotational cavity used for detailed  spatial 
dependences. A b lock  diagram  of the e sse n tia l com ponents of the sp ectrom eter  
is  shown in Figure 11.
All sp ectra  obtained at X-band from the anthracene sam ple w ere  
sy m m etr ica l and centered  at 3394 gauss. C om parison (using the dual cavity) 
of the anthracene sp ectra  with those of standard sam p les of diphenyl p icryl 
hydrazyl (DPPH) , and pitch in potassium  chloride ( KC1) , showed the g-va lu e  
to be 2. 0046 ± 0. 0005, with m ost of the uncertainty a r isin g  from the sam ple  
line width. The d isp ersion  mode spectrum  with H0 along the a -a x is  con sisted  
of four lines: a doublet spaced 7. 5 ± 0. 5 gauss on each side of the center and 
a second doublet of approxim ately one-th ird  of the intensity of the f ir st  doublet 
spaced  22. 5 ± 1 .0  on each  side of the center as m easured . Thus, within  
experim ental e r ro r , the d isp ersion  mode spectrum  (as can be seen  from Fig.
6) co n sisted  of four lin es equally spaced  at 15 gauss apart.
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The observed  absorption and d isp ersion  sp ectra , F igures 2 and 6, 
appear to be made up of four unresolved  lin es. Their in ten sities  (signal 
am plitude) su ggest that the sp ectra  co n sis t of four equally spaced lin es with  
rela tive  in ten sities  of 1:3:3:1 when the H0 field  is  along the a -a x is . The lin es  
are seen  to m erge together as the sam ple is  rotated about the b -a x is .
By assum ing that the sp ectra  do co n sis t  of four unresolved  lin es with 
in ten sities  of 1:3:3:1, the line width and sp litting  (that is  the line separation) 
can be determ ined by curve fitting. The resu lts  of a com puter program  that 
was generated for this purpose in d icates that the sp ectra  do conform  to a 
Gaussian shape (equation 16) co n sistin g  of four lin es with a sp littin g  of 14 
gauss and a line width of 12 gau ss. If a Lorentzian line shape, equation (15) 
is  assum ed , a sp littin g  of (10) gau ss and a line width of (14) gauss is  found to 
be the b es t  fit.
As the specim en  was rotated from the position  with H0 along the a -a x is  
to the position  with H0 along the c ’-a x is  (F ig . 12) , the two lin es  form ing the 
stron g  central doublet are seen  to approach one another and sim ultaneously  
broaden until finally  they form  a broad central peak (se e  F igs. 6 and 7) . The 
total width of this peak w as about 25 gauss in the d isp ersio n  m ode, which 
could just be d istinguished  as being form ed of two peaks. The outer two peaks 
have a separation  of about 20 gauss on each sid e of the cen ter , and are 
apparently som ew hat reduced in re la tiv e  intensity as com pared with the 
in tensity  the outer doublet had in the f ir s t  orientation of the specim en . Intensity  
m easu rem en ts w ere , how ever, unreliable at this orientation  b ecau se of the 
overlapping and irreg u la r  shape o f the lin es.
The sp ectra  obtained at K-band (35. 0 kMc) showed a c lo se  s im ila r ity  
to those at X-band (9. 5 kMc) . The center of the spectrum  was s t il l  at approxi­
m ately g -- 2; the line stru ctu re, line width, and relative line in ten sities  for 
various orien tations w ere as d escribed  for the X-band. In particu lar, the K- 
band sp ectra  exhibited  the sam e general ch a ra c ter istic s  with resp ect to r. f. 
power saturation  as did the X-band spectra .
R. f. saturation of the EPR sp ectra  was found to occur at the rather low  
power lev e ls  ch a ra cter istic  of the short relaxation  tim es of solid  state  
m a ter ia ls . Some line broadening of the absorption mode signal w as apparent 
at 19/uW power in the cavity (40 db total attenuator setting on the Varian V 
4502). Severe broadening was ob served  at 190/^W r. f. power lev e l, the ab­
sorption  mode signal was so  heavily  saturated as com pared with the d isp ersion  
signal that it could no longer be d istinguished . C alculations for the ca v itie s  
used, based  on the klystron power m easurem ents showed that a power sa tu ra ­
tion threshold  of 19 gW corresponded  to a c ircu la r ly  polarized  r. f. m agnetic  
fie ld  vector of about 4 x 10~3 gauss.
This rather low r. f. power lev e l required to prevent saturation  
broadening se t  an e ffective  low er lim it of about one gauss on the modulation  
fie ld  am plitude which could be used. T hese conditions reduced s ig n a l-to -n o ise  
ratio  thereby preventing any further reso lu tion  (at room tem perature) of the 
hyperfine stru ctu re of the spectra .
III. DISCUSSION AND INTERPRETATION OF RESULTS
A n alysis of the anthracene EPR data ind icates that the sp ectra  from the
d efect cen ter  co n s is t  of c lo se ly  spaced  c lu sters  of lin es centered  on a m agnetic
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fie ld  value corresponding to a g-va lu e of g = 2 .0046  ± 0. 0005. The spectra  
w as a lso  found to be independent of the r. f. m icrow ave frequency used (X-band  
or K-band) , thus indicating that the defect cen ter contained an unpaired 
e lec tro n  of spin J h ,  w hose orb ital angular momentum (if  nonzero) is  e s ­
sen tia lly  quenched by the cry sta llin e  field . A lso the fact that the sp ectra  are 
frequency independent in d icates that the sp littin gs are caused  by hyperfine 
in teraction s rather than cry sta llin e  field  e ffec ts . The ob served  hyperfine 
sp litting  m ust be due to e ith er the carbon (C13) or the hydrogen nuclei sin ce  
th ese are the only two nuclei p resen t whose nuclear m agnetic m oment is  non­
zero . Since the natural abundance o f C13 is  so  low (only 1. 108%) , it m ust be 
concluded that the hyperfine sp littin g  is  due to the hydrogen nuclei whose 
n u clear spin is  .
In order to d iscu ss  a p o ssib le  model for the d efect cen ter produced by 
the irrad iation , one m ust co n sid er  the chem ical and crysta llograp h ic  structure  
of the anthracene cry sta l. The anthracene m olecu lar structure c o n s is ts  of a 
three benzene ring chain as shown in F igures 12, 13, and 14. F igure 15 
depicts the d eloca lized  Mpi" e lec tro n  d istribution in the m olecu le . The 
anthracene m olecu le is  a lm ost planar with the mean C-C bond length being 
1 ,4  A and the C-H bond length being 1 .0  A [ 8] . The unit c e ll d im ensions are 
defined in F igure 12. Anthracene is  a m onoclinic cry sta l with the cleavage  
plane containing the plane of the crysta llograp h ic a-b axes.
The anthracene m olecu les  lie  in two se ts  of p ara lle l p lanes related  by 
the m irror glide p lanes. The long m olecu lar axis (L -a x is , see  Fig. 13) of 
the m olecu les  of both s e ts  of glide planes are p ara lle l to the c -a x is  to within
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about 10 d eg rees . The c lo se s t  C-H distance betw een adjacent m olecu les is
2. 67 A: betw een the C(D) in the (0, 0, 0) m olecu le and the H (F) in the 
(2 j _2>0) m olecu le and, thus, betw een the C (D ') in the (0 ,0 ,0 )  m olecu le and 
the H (F ') in the ( — and all other such crysta llograp h ica lly  related  
p airs [ 8] .
The EPR sp ectra  o f singly charged anthracene ion s, both p ositive  and 
n egative, have been studied exp erim entally  by Bolton, C arrington, and 
Me Lachlan [ 9] and th eoretica lly  by Sayetta and Momory f 10] . The form er  
authors, by using a very slow  m agnetic scan  on sam p les in solution, were  
able to average out the large an isotrop ic hyperfine in teraction s caused by 
tum bling of the m olecu les; the resu ltin g  sp ectra  contained many lin es of 0. 2 
gauss line width. The sp littin gs w ere interpreted  as being due to isotrop ic  
Ferm i contact hyperfine in teraction s. The magnitude of the sp litting  was about 
6 gauss each for H(D) and H (D r) ; and about 3 gauss each for H(F)  , H(F' )  , 
H( B) ,  and H ( B T); and about 1 2 gauss each for H(A) , H( A T),  H(G) ,  and 
H( G’); s e e  F igu res 12 and 13 for positional notation. The resu ltin g  spectra  
thus contained a tr ip let with approxim ately 6 -g a u ss  line separation , with each  
line sp lit  into a quintuplet with 3 -g a u ss  separation , and finally  each of th ese  
sm a ller  lin e s , in turn, form ed a quintuplet of 1 I gauss separation . Com paring  
th ese  re su lts  for the anthracene ions in solution  with the sp ectra  of e lec tro n -  
irrad iated  anthracene c r y s ta ls  obtained in the p resen t exp erim en ts, it is  con­
cluded that the defect cen ter  produced in th is ca se  is  not that of the anthracene  
io n s .
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One is  thus led to con sid er  the p ossib ility  that the d efect center is  an 
anthracene rad ica l, i . e .  , an anthracene m olecu le from which one (or m ore) 
hydrogen atom s have been rem oved. On the b a sis  of ch em ical bond stren gth s, 
the m ost likely  hydrogen atom to be rem oved is  that at the D or D' position . 
B ased  on the work of Bolton, C arrington, and M cLachlan [ 9] , m entioned  
p rev iou sly , it is  estim ated  that the in tram olecu lar iso trop ic  hyperfine sp litting  
which would be expected for a rad ical with an unpaired e lectron  at the D position  
would c o n s is t  roughly of a tr ip let with 3 -g a u ss  sp litting , each  line subdivided  
by the m ore d istant hydrogen atom s. A nisotropic sp littin gs would be of a 
s im ila r  order of magnitude [ 11] .  Under lim ited  reso lu tion , the spectrum  
would c o n s is t  of one line som ew hat over 6 gauss in width. If one tentatively  
a ssu m es that the d efects a re , in fact, largely  such anthracene ra d ica ls , and 
that ex tram olecu lar hyperfine couplings cause the gro ss  form  of the EPR 
spectrum , then this in tram olecu lar hyperfine stru ctu re, seen  under lim ited  
reso lu tion , would be of the right magnitude to explain the ob served  line widths.
It should be noted, how ever, that the o v e r -a ll sp litting  (approxim ately 14 
gauss) of th is in tram olecu lar hyperfine structure for the anthracene ion, can ­
not be ruled out as in con sisten t with the line widths actually  observed .
From  the above evidence it is  concluded that the g ro ss  structure of the 
ob served  sp ectra  is  a lm ost certa in ly  due to extram olecu lar hyperfine in ter ­
actions. By assum ing the sp ectra  to be made up of four lin es  spaced at 14 
gauss apart with re la tiv e  in ten sitie s  of 1:3:3:1, the observed  sp ectra  can be 
reproduced by curve fitting. The m ost obvious sou rce of extram olecu lar  
hyperfine in teraction s (for re la tiv e  in ten sitie s  1:3:3:1 in the anthracene
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cry sta l) would be three equivalent protons: the B -hydrogen and F-hydrogen  
of one m olecu le , and the F-hydrogen on a neighboring m olecu le . The F -  
hydrogen of the neighboring m olecu le would be located 2. 67 A above the D- 
carbon atom of the f ir s t  m olecu le on a perpendicular from the plane of the f ir st  
m olecu le [ 13] . The F-hydrogen atom of the neighboring m olecu le could have 
appreciable in teraction  with the 7r-electrons (Fig. 15) containing the unpaired 
electron  of the rad ical or ion produced. The distance from  the carbon atom to 
the hydrogen atom on an adjacent carbon atom within an anthracene m olecu le  
is  2. 67 A a lso  (F ig . 13),  Under these conditions the 1:3:3:1 sp ectra  could be 
a r isin g  from  the in teraction  of an unpaired e lectron  at the D -carbon atom with 
three equivalent protons, the H( B) ,  and H(F)  proton of one m olecu le , and 
H(F)  proton of another m olecu le . Thus the unpaired e lec tro n  in th is ca se  is  
b eing shared by two different m olecu les within the cry sta llin e  la ttice .
It has already been noted that r. f. saturation occurred  at rather low 
power le v e ls , correspond ing to an r. f. m agnetic fie ld  of about 4 x 10~3 gauss. 
U sing this value for H1? then yHj is  of the order of 7. 00 x 10-2 Me. The 
value of 1 /T 2 is  of the ord er of 1 x 102 Me for a G aussian curve and 1. 5 x 102 Me 
for a Lorentzian curve. Hence the requirem ents for slow  p assage conditions  
(equations 8 and 9) have been  attained. If a Lorentzian line is  assu m ed , then 
Tj , the spin la ttice relaxation  tim e, is  of the order of 3 x 10-2 se c . T herefore, 
the therm al relaxation  tim e is  approaching the threshold  for perform ing the 
experim ent at am bient tem perature s in ce  saturation e ffec ts  begin to occur if 
T 1 ex ceed s about 10-5 seconds [2] .
CONCLUSIONS
1. The resu lts  of the curve fitting com puter program  ind icates that the ob­
served  spectrum  does co n sist of four overlapping Gaussian lin es of 
in ten sitie s  1:3:3:1 with line-w idth  and line sp littin gs of 12 and 14 gauss  
resp ectiv e ly . The observed  hyperfine sp litting  probably re su lts  from e x ­
tram olecu lar hyperfine in teraction s rather than in tram olecu lar in teraction s. 
This conclusion  is  in agreem ent with the recen t work of Dr. Blum and
P. L. Mattern at the Brookhaven National Laboratory (reported at the 
APS M eeting in Chicago in April 1967).  Blum and Mattern concluded that 
the line shape is  G aussian with ex tram olecu lar hyperfine structure having 
line in ten sitie s  of 1:3:3:1.
2. The req u irem ents for slow  p assage w ere experim enta lly  achieved.
3. The sp in -la ttice  relaxation  tim e T} was found to be on the order of 10~2 
seco n d s, at am bient tem perature, indicating that the sam ple is  s t il l  
saturated even  at th is  low r. f. power level.
4. Further attem pts to perform  the experim ent at liquid n itrogen and liquid  
helium  tem perature should be made in an effort to study the behavior of the 
sp in -la ttice  relaxation  tim e as a function of tem perature.
5. This is  an ex ce llen t system  for ENDOR exp erim en ts, and efforts  should be 
made to conduct the ENDOR exp erim en ts.
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6. Further work on the spatia l dependence of the defect cen ter  should be 
p erform ed, e sp e c ia lly  angular rotation of the specim en  about the c' axis  
with resp ec t to the sta tic  m agnetic fie ld .
7. E fforts should be made to obtain sam p les of s e le c tiv e ly  deuterated  
anthracene for irrad iation . The d ifference betw een the hyperfine sp littings  
due to the hydrogen nuclei (sp in  1 /2 ) and that of the deuterium  nuclei 
(spin 1) should enable a m ore confident identification  of the atom s which 
are causing the predom inant splitting.
8. E lectron  irrad iation  at d ifferent en erg ies  and flu xes should be perform ed  
in order to study the d efect production as a function of p artic le  energy and 
flux.
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